The roles of endogenous cytokines induced by either intact staphylococcal microorganisms or staphylococcal exotoxins were examined using human whole-blood cultures. To accomplish this, interleukin-18 binding protein (IL-18BP) and tumor necrosis factor binding protein (TNFbp) were used to neutralize IL-18 and TNF, respectively, whereas an anti-IL- 
Sepsis due to gram-positive bacteria is a life-threatening disease in which the presence of microorganisms in the bloodstream induces an overwhelming production of proinflammatory cytokines, such as tumor necrosis factor (TNF), interleukin-1␤ (IL-1␤), and gamma interferon (IFN-␥), which are thought to play a central role in the pathogenesis of this syndrome (23) . In contrast, in staphylococcal toxic shock syndrome (TSS), the bacteria rarely invade the host, and the symptoms are caused by superantigen-induced systemic inflammation. Staphylococcal components such as lipoteichoic acids (LTA) and peptidoglycans (PG) (3, 18) , as well as the superantigens TSS toxin-1 (TSST-1) and staphylococcal enterotoxin B (SEB) (16) , are believed to be the main inducers of cytokine production during these two severe illnesses.
LTA and PG are major components of Staphylococcus aureus, which induces a strong cytokine response (3). These constituents of the cell wall of most gram-positive bacteria stimulate monocytes through CD14 and Toll-like receptor 2 (TLR-2) (PG) or TLR-4 (LTA) (5, 28, 31) . In contrast, the superantigens TSST-1 and SEB lead to the activation of both lymphocytes and monocytes through the major histocompatibility complex class II molecules on antigen-presenting cells and the specific V␤ elements of the T-cell receptor (4, 16) . Through these two distinct pathways, macrophages are triggered to produce and release proinflammatory cytokines, including IL-1, IL-18, TNF-␣, and IL-12. IFN-␥ production likely originates from lymphocytes and natural killer cells upon secondary stimulation with IL-18 and IL-12 (9) .
IL-18, originally described as IFN-␥ inducing factor (20) , has the ability to induce the synthesis of IL-1␤, TNF-␣, IL-8, and chemokines (25) , probably through activation of nuclear factor-B (17) . This places IL-18 in the group of proinflammatory cytokines. IL-18 alone does not induce significant IFN-␥ production from T lymphocytes (22) , but in the presence of secondary stimulants, particularly IL-12, IL-2, mitogens, or microbial agents, large amounts of IL-18-induced IFN-␥ production are observed (9, 22) . Although IL-12 alone is able to induce IFN-␥ synthesis, the addition of IL-18 increases this production severalfold. IL-1, TNF, and IL-18 potentiate the synthesis of each other, and in turn, they stimulate production of the second-wave cytokines such as IL-8 and IL-6 (2, 8, 9) . Recently, IL-18 binding protein (IL-18BP), which binds and prevents IL-18 activity, was described (13, 21) .
The aim of the present study was to characterize the cytokine network induced by whole staphylococcal microorganisms on the one hand and by the staphylococcal components LTA, PG, TSST-1, and SEB on the other hand. We have assessed the role of endogenous IL-18, IL-1, TNF, and IL-12 in the induction of IFN-␥, TNF-␣, and IL-8 by Staphylococcus epidermidis and S. aureus, TSST-1, SEB, PG, and LTA in human wholeblood cultures by using specific cytokine inhibitors, such as IL-18BP, IL-1 receptor antagonist (IL-1Ra), TNF-binding protein (TNFbp), and anti-IL-12 antibodies (anti-IL-12 Ab).
RESULTS
Staphylococcus spp.-induced IFN-␥ production in whole blood. Human whole blood stimulated with heat-killed S. epidermidis induced significant amounts of IFN-␥, and this production was inhibited by IL-18BP in a dose-dependent manner (Fig. 1A) . In addition to IL-18BP, anti-IL-12 Ab and TNFbp were also able to inhibit S. epidermidis-induced IFN-␥, whereas IL-1Ra did not have a significant effect (Fig. 1B) . No effect of IL-18BP, IL-1Ra, TNFbp, or anti-IL-12 Ab on S. epidermidisinduced synthesis of IL-8 was apparent (data not shown). Similarly, IFN-␥ production induced by S. aureus was significantly inhibited by IL-18BP (67%; P Ͻ 0.05) and TNFbp (44%; P Ͻ 0.05) but not by IL-1Ra (9%; P Ͼ 0.05).
Induction of IFN-␥, TNF-␣, and IL-8 by TSST-1, SEB, PG, and LTA in whole-blood cultures. The stimulation of whole blood with TSST-1 resulted in a marked stimulation of IFN-␥ (47 Ϯ 24 ng/ml), TNF-␣ (240 Ϯ 53 pg/ml), and IL-8 (25 Ϯ 6 ng/ml), corresponding to a 29-, 10-, and 26-fold increase over unstimulated cultures, respectively. SEB stimulation led to the production of IFN-␥ (143 Ϯ 55 ng/ml), TNF-␣ (459 Ϯ 89 pg/ml), and IL-8 (66 Ϯ 12 ng/ml), with a 48-, 37-, and 43-fold increase over unstimulated cultures, respectively. LTA also induced TNF-␣ (139 Ϯ 73 pg/ml) and IL-8 (52 Ϯ 27 ng/ml), corresponding to a 12-and 38-fold increase over unstimulated cultures, respectively. However, IFN-␥ concentrations after LTA stimulation were below the detection limit (n ϭ seven donors). PG induced significant amounts of IFN-␥ (49 Ϯ 19 pg/ml) and IL-8 (417 Ϯ 108 pg/ml), representing a 9-and 23-fold increase over unstimulated cells.
Role of endogenous cytokines in TSST-1-induced cytokine production. As shown in Fig. 2A , in the presence of IL-18BP or IL-1Ra, there was a nonsignificant reduction in IFN-␥ levels. However, the combination of both IL-18BP and IL-1Ra reduced the IFN-␥ level by 47% (P Ͻ 0.05). Similarly, anti-IL-12 Ab reduced the IFN-␥ level by 39% and the combination of anti-IL-12 Ab plus IL-18BP inhibited IFN-␥ by 49% (P Ͻ FIG. 1. S. epidermidis-induced IFN-␥ production in whole blood. Whole blood was stimulated with S. epidermidis (10:1 ratio of organisms to leukocytes) in the absence or in the presence of various concentrations of IL-18BP (A) or with fixed amounts of IL-18BP (125 ng/ml), IL-1Ra (10 g/ml), TNFbp (10 g/ml), or anti-IL-12 Ab (2.5 g/ml) (aIL-12) (B). After 48 h the culture was assayed for IFN-␥. The amount of IFN-␥ induced by S. epidermidis was set at 100% for each donor and the percent change (mean Ϯ SEM) for each condition is shown. A 100% S. epidermidis stimulation represents 11.1 Ϯ 2.5 ng of IFN-␥/ml. ‫,ء‬ P Ͻ 0.05 versus S. epidermidis alone (n ϭ 7 donors).
0.05). The addition of TNFbp or the combination of TNFbp and IL-18BP to the whole-blood culture did not affect IFN-␥ production (data not shown).
IL-8 production was not reduced by any of the cytokine inhibitors. In contrast, neutralizing IL-12 resulted in a significant increase in IL-8 production (85% increase of TSST-1 production; P Ͻ 0.05) (Fig. 2B ). Although this increase was smaller in the presence of both anti-IL-12 Ab and IL-18BP, IL-8 levels were still greater than with TSST-1 alone (31% increase of TSST-1 production; P Ͻ 0.05) (Fig. 2B) . The addition of IL-1Ra or TNFbp or the combination of either IL1Ra or TNFbp plus IL-18BP to the whole blood culture did not decrease IL-8 production (data not shown). IL-1Ra suppressed TSST-1-induced TNF-␣ production by 25% (P Ͼ 0.05), and the combination of IL-1Ra and IL-18BP did not have an additional effect on TNF-␣ production. Neutralizing IL-18 and IL-12 did not influence TSST-1-induced TNF-␣ production (data not shown).
Role of endogenous cytokines in SEB-induced cytokine production. As shown in Fig. 3A , only anti-IL-12 Ab significantly inhibited IFN-␥ production (40% of SEB-induced IFN-␥ production [P Ͻ 0.05]). IL-18BP did not decrease IFN-␥ and the combination of anti-IL-12 Ab and IL-18BP was less effective than anti-IL-12 Ab. Blocking IL-1 receptors also had no effect on SEB induction of IFN-␥ (data not shown). Neutralization of TNF-␣ by TNFbp either alone or in combination with IL-18BP also had no effect (data not shown).
IL-8 production was strongly decreased by TNFbp (53%; P Ͻ 0.05). The combination of IL-18BP and TNFbp did not reduce IL-8 any further. In fact, the neutralization of IL-18 and TNF led to less inhibition of SEB-induced IL-8 (28%; not significant). In contrast, blocking IL-12 had a significant stimulating effect on SEB-induced IL-8 production (52%; P Ͻ 0.05) (Fig. 3B ). IL-18BP had no effect on SEB-induced IL-8. The addition of IL-1Ra or the combination of IL-1Ra and IL-18BP did not affect IL-8 production (data not shown). TNF-␣ concentrations in whole blood were not influenced by   FIG. 2. TSST-1-induced IFN-␥ and IL-8 production in whole blood. Whole blood was stimulated with TSST-1 (1.5 g/ml) in the absence or in the presence of IL-18BP (125 ng/ml), IL-1Ra (10 g/ml), or anti-IL-12 Ab (2.5 g/ml) (aIL-12). After 24 h the culture was assayed for IL-8 (B), and after 48 h it was assayed for IFN-␥ (A). The amount of either IL-8 or IFN-␥ induced by TSST-1 was set at 100% for each donor and the percent change (mean Ϯ SEM) for each condition is shown. A 100% TSST-1 stimulation represents 47 Ϯ 24 ng/ml (IFN-␥) and 25 Ϯ 6 ng/ml (IL-8). ‫,ء‬ P Ͻ 0.05 versus TSST-1 alone (n ϭ 7 donors).
FIG. 3. SEB-induced IFN-␥ and IL-8 production in whole blood. Whole blood was stimulated with SEB (2 g/ml) in the absence or in the presence of IL-18BP (125 ng/ml), TNFbp (10 g/ml), or anti-IL-12 Ab (2.5 g/ml) (aIL-12). After 24 h the culture was assayed for IL-8 (B), and after 48 h it was assayed for IFN-␥ (A). The amount of either IL-8 or IFN-␥ induced by SEB was set at 100% for each donor and the percent change (mean Ϯ SEM) for each condition is shown. A 100% SEB stimulation represents 143 Ϯ 55 ng/ml (IFN-␥) and 66 Ϯ 12 ng/ml (IL-8). ‫,ء‬ P Ͻ 0.05 versus SEB alone (n ϭ 6 donors).
neutralizing IL-18, IL-1, or IL-12 (data not shown), indicating that TNF-␣ synthesis by SEB is independent of these cytokines.
Role of endogenous cytokines in LTA-and PG-induced cytokine production. In contrast to the production of TNF-␣ and IL-8, LTA did not induce significant production of IFN-␥ in whole blood. LTA-induced IL-8 was significantly inhibited by IL-1Ra (55%; P Ͻ 0.01). The combination of IL-18BP plus IL-1Ra resulted in a 69% decrease of IL-8 (P Ͻ 0.05) (Fig. 4) . The addition of TNFbp or anti-IL-12 Ab or the combination of either TNFbp or anti-IL-12 Ab and IL-18BP to the wholeblood culture did not decrease IL-8 production (data not shown). TNF-␣ production was not modulated by neutralizing endogenous IL-18 and IL-1, although a trend towards increased production was measured when anti-IL-12 Ab alone or IL-18BP and anti-IL-12 Ab were added together (59% versus LTA production; P Ͼ 0.05) (data not shown).
PG-induced production of IFN-␥ was significantly inhibited by IL-18BP (58% Ϯ 19%; P Ͻ 0.05), IL-1Ra (61% Ϯ 5%; P Ͻ 0.05), and TNFbp (77% Ϯ 13%; P Ͻ 0.05). Combination of IL-18BP with both IL-1Ra and TNFbp further reduced the IFN-␥ production to less than 5% (P Ͻ 0.01). In contrast, IL-18BP and TNFbp had no effects on PG-induced IL-8 synthesis (P Ͼ 0.05; n ϭ 5), and only IL-1Ra had a moderate, but significant, inhibitory effect (43% Ϯ 17%; P Ͻ 0.05).
DISCUSSION
As previously reported in the literature, both whole staphylococcal microorganisms and the staphylococcal antigens LTA, PG, TSST-1, and SEB are potent stimuli of TNF, IFN-␥, and IL-8 production (3, 16, 32) . Only cell-associated IL-18 could be measured after stimulation of cells with the various stimuli (not shown), suggesting that either cell-associated IL-18 is responsible for the biological effects or that small, undetectable amounts of IL-18 act in a paracrine or autocrine manner to exert its effects. In our experiments, whereas S. epidermidisand S. aureus-induced IFN-␥ production was strongly reduced by IL-18BP, anti-IL-12 Ab, and TNFbp, only anti-IL-12 Ab decreased SEB-induced and TSST-1-induced IFN-␥. Even the effect of anti-IL-12 Ab was much less pronounced for the superantigen-stimulated IFN-␥ than for S. epidermidis stimulation, and IL-18BP, TNFbp, and IL-1Ra had no effects. It is therefore apparent that the cytokine pathways leading to IFN-␥ induction by intact microorganisms and superantigens are different. In contrast to Staphylococcus-induced IFN-␥ synthesis, the IFN-␥ production induced by SEB and TSST-1 was not reduced by IL-18BP, indicating that endogenous IL-18 does not play a central role in superantigen-induced IFN-␥. We summarized these results in Table 1 . Our data are in line with those of Lauw and colleagues showing no effect of anti-IL-18 Ab in an SEB model of TSS in mice (Lauw et al., unpublished data).
The importance of Staphylococcus-induced cytokine production is emphasized by the severity of the two clinical syndromes caused by staphylococcal infections in which the systemic inflammation caused by overwhelming cytokinemia is thought to play a pivotal role: Staphylococcus sepsis and TSS (7) . Whereas in the former the cytokine release is triggered by invasion of the circulation by intact microorganisms, in the latter the staphylococci rarely invade the host and the cytokine production is triggered by exotoxins acting as superantigens. In the present study, we investigated whether the cytokine network induced by either intact S. aureus and S. epidermidis microorganisms or the staphylococcal superantigens is divergent.
Several cytokines are known to be involved in IFN-␥ production, either directly or following costimulation with other cytokines or microbial agents. An important role for IFN-␥ induction was attributed to endogenous IL-18. Reduction of LPS-induced IFN-␥ in IL-1␤-converting enzyme-deficient macrophages lacking a functional IL-18 can be greater than 90%, despite normal levels of IL-12 (10, 11, 30) , a cytokine which appears to be essential for IFN-␥ production (15) . IL-12, produced by phagocytic cells in response to bacteria, is able to induce IFN-␥ production by natural killer and T cells (27) . Two mechanisms may account for the stimulatory effects of IL-12 on IFN-␥ production. First, IL-12 upregulates production of IL-18 (14) , and second, IL-12 increases the responsiveness of T and B cells to IL-18 by up-regulation of IL-18 receptor expression (34) . In addition to IL-12 and IL-18, other cytokines important for the induction of IFN-␥ are IL-1 and TNF, which potentiate IFN-␥ production together with IL-12 (6, 29, 33) . In the present study we show that stimulation of human whole blood with heat-killed Staphylococcus spp. induces the release of IFN-␥ in an IL-18-, IL-12-, and TNF-dependent manner. This is probably due to effects exerted at the level of PG stimulation of cytokine synthesis, as similar effects of the cy -FIG. 4 . LTA-induced IL-8 production in whole blood. Whole blood was stimulated with LTA (2 g/ml) in the absence or in the presence of IL-18BP (125 ng/ml) or IL-1Ra (10 g/ml). After 24 h the culture was assayed for IL-8. The amount of IL-8 induced by LTA was set at 100% for each donor and the percent change (mean Ϯ SEM) for each condition is shown. A 100% LTA stimulation represents 52 Ϯ 27 ng of IL-8/ml. ‫,ء‬ P Ͻ 0.05 versus LTA alone (n ϭ 6 donors). tokine inhibitors were seen when cells were incubated with PG. In contrast, TSST-1-and SEB-induced IFN-␥ production is not significantly reduced by IL-18BP, TNFbp, and IL-1Ra, whereas it is slightly inhibited by anti-IL-12 Abs. Differences were also apparent when production of the chemokine IL-8 was assessed: direct IL-8 stimulation by intact microorganisms and at least partial dependency of IL-8 production on endogenous TNF in the case of SEB were observed. In addition, the TNF production was not inhibited by any of the cytokine inhibitors used, confirming the proximal place of TNF in the cytokine cascade.
The differences between the cytokine patterns induced either by intact staphylococci or by staphylococcal exotoxins are probably mediated by the differential receptors they stimulate on the cell membranes to trigger cytokine synthesis. The grampositive microorganisms are recognized by pattern recognition receptors such as TLR-2 and TLR-6 on the cell membrane (24, 28, 31) , and CD14 can facilitate this process (5). Gram-positive components such as LTA have been suggested to be involved, but LTA did not stimulate IFN-␥ synthesis, possibly due to the absence of alanine substituents lost in the purification procedures (19) . In contrast, staphylococcal PG strongly stimulated IFN-␥ synthesis and play a pivotal role in TLR-2-and CD14-mediated cytokine induction by Staphylococcus spp. (24, 31) . Disintegration of the microorganisms and release of bacterial DNA, which would stimulate monocytes through TLR-9, are also likely to be important (12) .
In contrast to this pathway, the staphylococcal exotoxins TSST-1 and SEB induce proliferation of T cells through direct binding to the major histocompatibility complex class II molecules on antigen-presenting cells and through stimulation of T-cell receptor-specific V␤ elements. This pathway leads to the induction of proinflammatory cytokines (3) (4) (5) . Our observation that TSST-1 and SEB induce IFN-␥, TNF-␣, and IL-8 is consistent with previous studies (8) (9) (10) . Several investigators have reported that direct contact is needed between monocytes and T cells to induce TNF-␣ and IL-1␤ by superantigens (25, 26) . In contrast, other reports show the release of IL-1, TNF-␣, and IL-6 in response to TSST-1 and SEB by monocytes in the absence of T cells (9, 10, 27, 28) . In whole-blood cultures, contact between monocytes and T cells likely takes place. This pathway of IFN-␥ stimulation appears to be independent of endogenous IL-18, TNF, and IL-1 and only marginally dependent on IL-12.
In conclusion, Staphylococcus microorganisms and the staphylococcal exotoxins TSST-1 and SEB are potent stimuli of IFN-␥, TNF-␣, and IL-8 production. However, the cytokine pathways leading to production of IFN-␥ and IL-8 by these stimuli are different, and this is likely due to differential receptors which are recognized and triggered on the cell membranes. These differences may in part explain the clinical differences between staphylococcal sepsis and staphylococcal TSS.
